INTRODUCTION
Although there have been many studies upon the dark adaptation of the peripheral retina and upon regions which include both the fovea and periphery, there have been relatively few devoted to the dark adaptation of the fovea alone. For several reasons the early workers who studied dark adaptation were uncertain as to whether or not the fovea adapts. It was not until 1921 that Hecht (6) demonstrated beyond doubt that adaptation is a property of the fovea. He found that after 5 minutes' preexposure to an intensity of 90 mi|li-lamberts the change in threshold of the fovea was of the order of 6 or 7 to 1 and the course of its dark adaptation was almost entirely over in 4 to 6 minutes. Later experiments (2-4, 9, 10) have confirmed his findings.
In this experiment we varied the intensity and duration of preadaptation exposure and determined the effect upon foveal adaptation. For peripheral dark adaptation it has been found that variations in preadaptation exposure modify such features of the dark adaptation curve as the initial threshold value, the slope of the curve, the time of the cone-rod transition point, and the time course of adaptation. In his experiment, Cook (2) found that varying the duration of preexposure changed the course of foveal dark adaptation: following 3 minutes' preexposure the initial threshold value was higher and the slope of the curve was not as steep as after 1 minute's preexposure. Crawford (3) investigated the effect of preexposure duration and intensity upon foveal dark adaptation for a wide range of intensities and durations. He also found that as intensity was increased, at constant duration, or duration increased, at constant intensity, the initial threshold value was higher and the slope of the curve was flatter. Similar results were obtained by Riggs (11) in an experiment in which the retinal potential of the frog was measured during dark adaptation.
His method of obtaining frog dark adaptation curves was to plot the logarithm of the intensity necessary to produce a constant small retinal potential versus the time in the dark. He found that for the "cone" portion of the curve a 10 minute exposure to an intensity of 725 mL. resulted in a lower initial threshold and a more gradual approach toward the final threshold than was the case after a 10 second exposure to 29,000 mL.
With respect to the photochemical events occurring in the peripheral retina, WaM (12) has proposed that following its breakdown by light rhodopsin may reform directly from the retinene stage or, more indirectly, from the vitamin A stage. Using this formulation as the rationale for their experiment, Wald and Clark (13) investigated the effect of varying the intensity and duration of preadapting exposures upon rod dark adaptation. They predicted that following a short~ intense flash of light dark adaptation would be rapid, indicating the predominance of the direct regeneration of rhodopsin, whereas a prolonged preexposure should allow the more indirect mode to predominate. In their experiment the early period of dark adaptation showed a rapid fall in threshold values after short preadaptation exposures, a slower fall after long preexposures. They interpret these results as reflecting the two modes of rhodopsin decomposition and synthesis. It is not known whether or not the same processes occur in the cone-photosensitive material However, Hecht and Mandelbaum (7) and Hecht, Haig, and Patek (8) found that the final cone thresholds and the time of the cone-rod transition point were changed in individuals with vitamin A deficiency and in patients whose vitamin A metabolism was disturbed by alcoholic cirrhosis of the liver. Also, Bliss (1) investigated the substance obtained after irradiating the iodopsin of the cone-rich chicken retina and found it to have an absorption spectrum closely resembling that of retinene. Such resuits lead to the expectation that perhaps the pattern of breakdown and regeneration in the foveal light-sensitive material is similar to that found for rhodopsin. If this is the case and if the photochemical processes in the retina are the chief determiners of dark adaptation phenomena, we should expect to find that foveal and peripheral dark adaptation exhibit similar characteristics.
Apparatus and Procedure
The apparatus used both for preadaptation and threshold measurements was a monocular Hecht-Shlaer adaptometer. The instrument was installed with the eyepiece projecting into a light-tight cubicle within the laboratory so that the subject could be dark-adapted regardless of the laboratory room lighting. The 40-watt light source of the instrument did not provide a brightness range extensive enough for our purpose. We removed it and set up another light source consisting of a 500 watt projection lamp and condensing system. This unit was run off a voltage regulator. The adaptometer is so designed that the same source is used for preadaptation and for threshold measurements, and our substitute source preserved this feature. The brightness of the adapting stimuli was controlled by Wrattcn neutral tint fixed filters. The threshold test flashes lasted 0.2 second and were presented by a pendulum shutter attached to the instrument. All preadaptations and threshold determinations were made through a 2 mm. artificial pupil.
Four brightnesses were used: 11,300, 5,650, 1,130, and 565 mL., and four durations: 300, 150, 30, and 15 seconds, The authors served as experimenters and subjects.
At the beginning of each experimental session the subject entered the cubicle and dark-adapted for 15 minutes. For the fovea, dark adaptation is so rapid that this amount of time was thought to be sufficient to insure that the sensitivity of this region of the retina had recovered from any light stimulation to which it had been subjected before going into the cubicle. Periodic check tests showed this to be the case. Each experimental session consisted in obtaining a dark adaptation curve for each of the four preadaptation brightnesses at a constant duration. At the next session the same procedure was carried out for a different duration. Dark adaptation occurred so quickly that for the shorter durations we could often go through more than one session at a single experimental perio& We made no attempt to standardize the order of succession of the different durations from session to session. In the individual sessions the order of brightnesses always proceeded from lowest to highest.
The procedure at every session was as follows: At the expiration of the 15 minute preliminary dark adaptation period the desired duration for that session was set on a stop-clock. The lowest brightness was fixed by inserting the necessary neutral tint filters in the adapting unit of the adaptometer. The subject boked into the instrument through the artificial pupil and, after a ready signal, the clock was started and the light turned on simultaneously. The preadapting light was white. At the end of the preadaptation period the instrument was changed over to the threshold-testing position and the first threshold determination made as quickly as possible. The method used was the modified appearance method described by I-Iaig (5). The subject was presented a stimulus whose intensity was just above the threshold; the intensity was then reduced to well below threshold and increased in steps of 0.01 to 0.05 log unit until the stimulus was reported as visible for two successive presentations. This was taken as the threshold value and the time required to obtain this first reading was recorded. The mean time elapsing from the end of the preadaptation exposure to the first threshold reading was 11:5 seconds, range 7 to 18 seconds. If a reading was not obtained within 20 seconds no reading was taken. 7 seconds is about as rapidly as the instrument can be shifted from the adapt ton the threshold-testing position and a reading taken. Most readings were taken in the interval from 10 to 15 seconds after the expiration of preexposure.
Threshold readings were taken every half minute. About 8 or 10 seconds before the time for the next measurement the threshold determination procedure described above was begun. In almost all eases the threshold was determined within 5 seconds of the half minute. This procedure was repeated until the threshold values reached a final steady level.
In order to insure maximal cone participation in their measurements investigators of foveal dark adaptation have relied upon two controls: stimulation of small areas, centered upon the fovea, and the use of a red stimulus light. These were the controls we used. The area of the preexposure patch was the whole field of the adaptometer, about 35* visual angle; fixation was central. The threshold test patch was a 1" een-trally fixated area. A red filter was used in conjunction with the neutral tint filters when threshold determinations were made. So far as we could tell these controls were effective. The hue of the threshold stimulus never changed during the whole course of dark adaptation. Also, the threshold finally reached a steady value---and remained there--at around the value which is generally taken as the intensity region of change from cone to rod stimulation, about 0.01 mL. Furthermore, each subject's final steady threshold value remained the same (i.e., ±0.05 log unit) throughout the period of experimentation.
RESULTS
In all, 160 dark adaptation curves were obtained, 80 from each subject. To go through the series of 4 intensities' ~t 4 durations meant obtaining 16 curves.
Both subjects went through the complete series 5 times. For each subject for each threshold we thus obtained five determinations. The recorded raw data were intensity values in log micromicrolamberts. The five logarithmic values were added and divided by five. The raw data were thus transformed into a geometric mean for each threshold. These means are the points plotted on the graphs, presented in Tables I to IV , and used in the analysis of the results. Several features of the data are apparent. First, it is seen that for each subject the final steady threshold value is about the same for all intensities and durations of preexposure. For F. A. M. this value is around 7.15 log ggL and for A. J. R. it is around 6.90 log ##L.
In Table V are given the values of the initial thresholds as a function of the intensity and duration of preadaptation for each subject. Reading down the table shows the effect of increasing preadaptation duration for the various intensities. For all intensities, the longer the duration the higher the threshold, except for A. J. R. at 565 and 1,130 mL. at 300 seconds' duration. Here the values are slightly lower than at 150 seconds. For both subjects, at the two lower intensities the rise in the threshold value from 15 to 300 seconds is of the order of 0.5 to 0.7 logarithmic unit, about a 4 to 1 change in threshold for a 20 to 1 change in duration. At the two higher intensities the change is about 14-27 to 1. The effect of increasing the duration of preadaptation is thus seen to be more pronounced for the two higher intensities than for the two lower ones. Reading across the table the values show the effect upon the initial threshold of increasing preadaptation intensity at the various durations. For F. A. M. for the two shorter durations the change is arotmd 0.8 logarithmic unit, a change of about 6 to 1 for the 20 to 1 change in intensity. At the two longer dura-
TABLE V
The values of the initial foveal dark adaptation thresholds for two subjects for various intensities and durations of preexposure. The threshold values are geometric means (determined as described in the text) of the five individual threshold determinations for each subject for each combination of intensity and duration. The top half of the table gives the values for subject F. A. M., the bottom half for subject A. J. R. For each subject the column marked "Change" gives the difference between the mean threshold value for 11,300 mL. and 565 mL. preexposure intensity at each preexposure duration. The rows marked "Change" give the differences between the mean threshold value for 300 seconds and 15 seconds' preexposure duration at each preexposure intensity. tions the logarithmic increase is around 1.35 to 1.45 units, a threshold change of about 25 to 1. For this subject the threshold increases which accompany intensity increases are of the same order of magnitude as those which accompany duration increases. For A. J. R. the same trend is present as the preexposure intensity increases but the effect is greater than for duration increase. At the shortest duration the threshold increases 1.05 logarithmic units as the intensity increases from 565 to 11,300 mL., an 11 to 1 change in threshold resuiting from a 20 to 1 change in intensity. At the 30 second duration the change is 38 to 1. At the two longest durations the increase is approximately the same, 1.85 and 1.93 logarithmic units for 150 and 300 seconds' duration respectively. That is, the threshold increases about 80 to 1 as the re~lt of the 20 to 1 intensity change. Thus, for this subject increasing preadaptation intensity has a greater effect upon the initial threshold value than increasing preadaptation duration. In Crawford's experiment (3) only one subject was used. No tables of data are given but the threshold values can be read off his graphs. When this is done it is found that increasing intensity at constant duration has a greater effect upon the value of the initial threshold than increasing duration at constant intensity. When the data are examined to determine the relationship between the preadaptation intensity and the value of the initial threshold it is found that there is relatively little difference between the two subjects but there is a wide variation from one condition of preadaptation to another. In most cases the intensity value of the initial ~ threshold is much less than 1/1,000th of the preexposure intensity. For F. A. M. the smaUest ratio between preadaptation intensity and initial threshold intensity is 1,550:1 and the largest is 30,900:1. For A. J. R. the smallest ratio is 813:1, the largest 21,900:1. The values obtained for the set of four intensities and durations for which I × t = C are representative. These intensities and times and the ratios relating preexposure intensities and threshold intensities for F. A. M. are: 11,300 mL. × 15 seconds, 30,200:1; 5,650 mL. X 30 seconds, 13,200:1; 1,130 mL. X 150 seconds, 4,170:1; and 565 mL. X 300 seconds, 2,400:1. For A. J. R. the ratios are 21,900:1, 14,800:1, 2,950:1, and 3,550:1 respectively. For the two subjects the values are roughly of the same order of magnitude and the trend of the values is the same. It is seen that duration is more influential than intensity in determining the intensity level of the initial threshold. The result obtained for this particular I X t condition is found for the data as a whole. As duration increases, the smaller the ratio; i.e., the more nearly does the intensity required for the initial threshold approach the preadaptation intensity.
I

Preadsptation
It is of interest to note the extent of foveal dark adaptation; a general idea can be obtained by considering four representative values of intensity and duration. For F. A. M. at 565 mL., 15 seconds, the ratio of initial to final threshold is about 5; at 1,130 ml., 30 seconds, about 8; at 5,650 mL., 150 seconds, about 160; and at 11,300 mL., 300 seconds about 400. For A. J. R. the corresponding values are 6, 12, 660, and 1700. Most data show the extent of foveal adaptation as about 1 to 2 log units. These data show that with high intensity and long duration of preadaptation the change in threshold may be over a thousandfold.
Another aspect of the data is the variation in the time required for the threshold to reach a final steady value as preadaptation is varied. As Table VI shows, this is a general tendency, since there is not a direct relationship between intensity and duration and time to reach a steady value. On the whole, the higher the intensity and the longer the duration, the longer the time required. In Table VI are given the times in minutes required for the threshold to reach a value of 7.15 log/z/zL, for F. A. M. and 7.0 log #/zL. for A. J. R.
The slope of the curve of dark adaptation is a feature which is associated with the initial threshold value and the time required for the threshold to reach a final steady value. Inspection of Figs. 1 to 4 shows the trend for the slope to be steeper the shorter the duration at a given intensity; Fig. 5 shows the same effect for the different intensities at the 30 second duration.
One of the prominent characteristics of rod dark adaptation is this change in slope associated with variation in the conditions of preadaptation. The general finding has been that, at constant intensity, the shorter the duration of pre-
TABLE VI
The time, in minutes, for the foveal dark adaptation threshold to reach a final steady value following various intensities and durations of preexposure. For subject F. A. M. the final threshold value is taken to be 7.15 log v~L., for subject A. J. R. it is taken to be 7.00 log ~L. 
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exposure the steeper the slope, and similarly for lower intensities at constant duration. When both intensity and duration are varied the situation is complex. The results of an experiment by Wald and Clark (13) supported their prediction that the course of rod dark adaptation following a high intensity and short duration of preadaptation would be more rapid than after a lower intensity and longer duration. They found that the descent of the curve following 10 seconds' exposure to 1890 mL. was so rapid that it overtook and crossed the curve which resulted from 7 minutes' exposure to 30.3 mL. In his experiment on foveal dark adaptation Crawford (3) found that some of his curves crossed and some did not. In Riggs' (11) experiment crossing of curves was obtained. In our data there are no instances of curves crossing. For most of the cases in which a comparison is made between a long duration, low intensity curve and one for a shorter duration and higher intensity it is found that the curves are either parallel or the long duration, low intensity curve fails the more rapidly. The exceptions to this situation are found in several cases in which the preexposure was a constant. There are 12 combinations of time and intensity in which I X t --C. The 12 curves obtained fo~ these conditions are shown in Figs. 6 and 7. For both subjects it is seen that for the two higher intensities and two longer durations the data are practically the same. There are small differences between the two curves for the first minute or two but from then on the threshold values are very nearly alike. It has often been found (5, 12) that, for high intensities, beyond a long duration of preexposure, a further extension of duration brings about no further changes in the curve of subsequent dark adaptation. This factor probably accounts for the similarity of the curves for the two higher intensities and two longer durations. For the two lower intensities and two shorter durations the curves are also the same. The data for F. A. M. for 5,650 mL. X 15 seconds, and 565 mL. X 150 seconds are practicaliy the same; this is not the case for A. J. R. For this subject the high inten- sity, short duration curve lies above the low intensity, long duration curve throughout the course of dark adaptation. For both subjects the curves for 11,300 mL. X 30 seconds, and 1,130 mL. X 300 seconds are clearly not the same. Also the four curves of the set in the center of the figures are not the same. At the two higher intensities and two shorter durations the curves are nearly alike; the curve for 1,130 mL. X 150 seconds falls below them, and the one for 565 mL. X 300 seconds falls below all three. Inspection of the pair of curves for 11,300 mL. X 30 seconds and 1,130 mL. X 300 seconds and the set of four referred to above shows that, on the whole, the higher the intensity the more elevated the initial threshold and the more gradual the slope of the curve. For these values of intensity and duration, an increase in intensity of pre-adaptation brings about changes in the slope and the time required for the curve to reach a final steady value for which an increase in duration does not compensate. For his values of intensity and time which are comparable with ours, Crawford's (3) results show the same effect. In our experiment, the general result of comparing the data for intensities and durations of preadaptation for which the total quantity of light is the same is that at the two higher intensities and longer durations the curves are the same and they are also the same for the two lower intensities and shorter durations. For other values of intensity and duration they are generally not the same. It should be pointed out, however, that this finding may be partly the result of the ranges of intensities and durations. For the two higher and two lower intensities as well as for the two longer and two shorter durations the ranges are 2:1; for the other sets of I X t = C values the ranges are 10:1 and 20:1.
Several features may be mentioned in comparing foveal and peripheral dark adaptation after varying conditions of preadaptation. For both fovea and periphery, the higher the preexposure intensity, the longer the duration, or both, the higher the initial dark adaptation threshold. For both fovea and periphery, at constant preadaptation duration, the lower the intensity, the more rapidly the threshold approaches a final steady value and similarly for shorter durations at constant intensity. When intensity and duration of preexposure are both varied the situation is complicated. In some experiments on peripheral dark adaptation it has been found that the initial threshold is lower and the slope of the curve is flatter after a preexposure of low intensity and long duration than after one of high intensity and short duration. In the foveal data reported in this experiment it is found that the curves resulting from these two conditions are either parallel or the low intensity, long duration curve has the lower initial threshold value and steeper slope. Finally, under the conditions in which I X t = C the situation is also complicated. In a peripheral region, for conditions giving the same total quantity of preexposure light, Haig (5) found that the dark adaptation curve following preexposure to a high intensity and short duration was the same as the one following a low intensity, long duration preexposure. In the fovea we find that the curves are the same for I >( t = C for the two higher intensities and longer durations and also for the two lower intensities and shorter durations. For other I >( t --C values this is not the result; on the whole, the lower intensity, longer duration curves have lower initial threshold values, steeper slopes, and sooner reach a final steady threshold value than the curves for higher intensities and shorter durations.
SU'M-~AR¥
The course of foveal dark adaptation was studied as a function of the intensity and duration of preexposure. Four intensities (11,300, 5,550, 1,130, and 565 mL.) and four durations (300, 150, 30, and 15 seconds) were used in all combinations of intensity and duration. The threshold-measuring instrument was a monocular Hecht-Shlaer adaptometer and the threshold measurements were recorded in log micromicrolamberts. There were two subjects and each went through the complete series of intensities and durations five times. The five logarithmic values obtained for each threshold were converted into a geometric mean and these means were the data used in the analysis of the results. The chief results were as follows:--1. For each subject the final steady threshold value was in the region of 7.0 log ~L.
2. As the intensity, or duration, or both, were increased the initial fovea] dark adaptation threshold rose, the slope of the curve decreased, and the time to reach a final steady threshold value increased.
3. For those values of preexposure intensity and time for which the product, I X l, is a constant it was found that for the two higher intensities and two longer durations and also for the two lower intensities and two shorter durations, the dark adaptation curves were the same. For other values of I X l = C the curves were generally not the same.
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